This work introduces the branching ratio (BR) method for determining relative spectral responses, which are needed routinely in laser induced breakdown spectroscopy (LIBS). Neutral and singly ionized Ti lines in the 250-498 nm spectral range are investigated by measuring laser-induced micro plasma near a Ti plate and used to calculate the relative spectral response of an entire LIBS detection system. The results are compared with those of the conventional relative spectral response calibration method using a tungsten halogen lamp, and certain lines available for the BR method are selected. The study supports the common manner of using BRs to calibrate the detection system in LIBS setups.
Introduction
Laser induced breakdown spectroscopy (LIBS) is a promising analytical method in many fields [1] [2] [3] [4] [5] [6] [7] . This technique is a type of optical emission spectroscopy that uses a laser pulse as the excitation source. The laser is focused on a material to form a plasma, and the spectral lines emitted by the plasma are detected for spectrochemical diagnostics. In some calculations of spectrochemical diagnostics, such as using Boltzmann plots to deduce temperature or using a calibration-free method to deduce the element concentrations, intensities of spectral lines must be normalized according to the spectral response efficiency of the LIBS setup. Therefore, the relative calibration of the spectral response of the LIBS setup is necessary.
Calibrated standard lamp sources are routinely used for the efficiency calibration of spectrometer systems [8] [9] [10] [11] [12] . However, these lamps must be recalibrated periodically and need careful alignment, which can be difficult for practical detection systems. Thus, an economical and convenient calibration technique called the branching ratio (BR) method has drawn increasing attention recently [1] . The BR is the ratio of the transition probabilities of two spectral lines with the same upper level. This ratio can be written as follows:
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where A is the transition probability, I is the line intensity, and R is the spectral response efficiency (power detection efficiency) at the wavelength λ. If R is the photon-detection efficiency, then the equation should be = = When line intensities are measured and transition probabilities are available from standard databases, such as atomic spectra databases from the National Institute of Standards and Technology (NIST), relative spectral response efficiency at the two wavelengths can be obtained. If a sufficient number of BRs is known, then a considerable number of spectral efficiency ratios R 1 /R 2 can be computed by equation (1) . Then, the relative spectral response efficiency over wide wavelength ranges can be deduced. This process is the BR method. BRs are atomic parameters, thus, the BR method does not need periodic recalibration. Any type of light source that emits spectral lines can work as a standard light source in the BR method.
Hinnov and Hofmann [13] described the BR method for spectrometer response calibration in the extreme ultraviolet region for which suitable calibrated sources are difficult to find. The researchers used BRs of H and He II lines from a hollow cathode discharge lamp for the BR method. Using the high current hollow cathode discharge lamp (HCD) described by Danzmann and Kock as the light source, Adams and Whaling [14] proposed the use of Ar I and Ar II BRs for the in situ calibration of relative spectrometer efficiency. Siems [15] also used this HCD source to derive Ar II BRs for spectrometer response calibration and found that the HCD source was a useful tool for calibrating spectrometers in the near-VUV spectral range. Usually, HCD sources are specially designed and operated under high currents (some as high as several Amperes) and low pressure (tens to hundreds of Pa). They are comparatively mature light sources. Many works have used HCD sources to measure the BRs of different elements [16] [17] [18] [19] .
Doidge [20] determined the relative spectral response of a commercially available inductively coupled Ar plasma emission spectrometer over the spectral range of approximately 190-900 nm. His work studied the emission of different elements from the inductively coupled plasma torch and used selected Fe I and Ni I spectral lines to determine the relative spectral response curve. The curve was compared and agreed with the calibration result obtained using Ar I and Ar II lines emitted by Ar-filled hollow cathode lamps.
The BR method can use a laser-induced plasma as the light source in an LIBS setup, but this technique has received little attention. Li [21] reported that the BR method is an alternative means of calibrating the relative spectral response of a spectrometer/detector apparatus and emphasized the use of the method in LIBS diagnostic experiments. In Li's work calibration was conducted in three ways: the BR method using Ar BRs from an Ar-filled hollow cathode lamp, the BR method using Ar BRs from an LIBS plasma in Ar, and a conventional calibration routine using a standard lamp. The results showed that the spectral response data agreed well with each other above 350 nm, and this finding showed that the BR method is promising in LIBS application.
The BR method is advantageous for LIBS because it is simple and does not require the use of further instrumentation for calibration. No other apparatus is added. Equipping the LIBS system with a hollow cathode discharge lamp or an additional chamber filled with gas is difficult in many cases, and calibration can be convenient if a solid target can be placed at the laser focusing point to directly obtain laser-induced plasma to be used as the standard light source. However, not all spectral lines from the plasma are available for the BR method. In the study on BRs using hollow cathode discharges, certain assumptions are made [16] : (1) induced emission is negligible, which means all spectral lines should be from spontaneous emission; (2) the plasma is homogeneous; (3) the spectral lines are optically thin; and (4) the absorption and the emission profiles of the purely Doppler broadened lines are equal. In this study, the Doppler broadening is remarkably small and only the first three points affects the results. In comparison with emissions from low-density plasma in a hollow cathode discharge lamp, the fulfillment of these assumptions by all spectral lines from the laser-induced plasma is not general. Regarding the spectral lines satisfying these assumptions as available lines for the BR method, whether laser-induced plasma can be used as a light source by the BR method depends on the number of available lines.
In this work, a pure Ti plate is used as the target for a LIBS setup and the number of spectral lines from the laserinduced Ti plasma available for the BR method is studied. By determining whether laser-induced plasma from a solid target of a LIBS setup can be used as the light source of the BR method for the relative spectral response calibration of the LIBS setup, this work aims to find a common manner of using BRs to calibrate a LIBS setup.
Experimental methodology

Experimental setup
As shown in figure 1 , the LIBS setup consists of the following components: the laser, which is a Q-switched laser (6 ns, 1064 nm, Q-smart 450, Quantel); the focusing and collecting optics, which are telescope optics with a focusing length of 1500 mm; the fiber, which is a 1-3 fiber optic cable; and three spectrometers covering the ranges of 186-308, 299-411, and 405-498 nm (AvaSpec-ULS2048, Avantes).
The spectrometers are Czerny-Turner spectrometers that have a spectral resolution of 0.09 nm and a detector integration time of 2 ms. One spectrometer is triggered by a signal from the laser, and the other two are synchronized with the first one. The three spectrometers are used simultaneously to expand the spectral range.
Ti is an element commonly used in LIBS studies, and the Ti target is chosen according to the spectrometers. According to the handbook of Cremers [22] , minor or major Ti in rocks, steels, alloys, and other materials are investigated, and the ablating rate of target and the time evolution of plasma are studied using pure Ti. The advantage of Ti is that it provides a considerable number of spectral lines over the spectral range of the spectrometers, but not too many for the 0.09 nm resolution.
Calibrating the LIBS setup involves calibrating the spectral detection system of the setup as a whole, which includes the telescope, 1-3 fiber optic cable, spectrometers, and the air and the coupling efficiency among them.
First, the spectral detection system is calibrated by a tungsten halogen lamp (250-2500 nm, FEL 1000 W, National Institute of Metrology China) by the conventional standard lamp source method to obtain a relative spectral response efficiency curve from the range of 250-498 nm to serve as a standard. In the UV range, the emission of the tungsten halogen lamp is weak and the spectra determined are significantly influenced by stray light of long wavelengths. Therefore, the effect of stray light is evaluated by a long-pass cutoff filter method according to Li [21] . Consequently, the relative spectral response efficiency curve is used as a standard for the comparison.
The setup is then operated with 5 Hz laser pulse frequency and a pure Ti plate as a target. Most of the spectral lines emitted by the laser-induced plasma are Ti I and Ti II lines. These lines are detected to calculate discrete R 1 /R 2 s by equation (1).
Selection of available lines
Verifying the fulfillment of the assumptions in the Introduction directly in a laser-induced plasma is difficult. Thus the R 1 /R 2 s obtained by equation (1) are compared with the spectral response curve by the standard lamp to select available lines. The comparison is as follows.
1. The detected spectral lines are divided into groups according to their upper level. 2. For a certain group, a line is set as a standard; the spectral response of this line at its central wavelength is set the same as the value of the spectral response curve. 3. The spectral response efficiency at wavelengths of other lines in the group is calculated according to its ratio to the efficiency of the standard line, which is expressed as R 1 /R 2 by equation (1). 4. If the spectral response efficiency of a line, as computed by Step 3, is close to the value of the spectral response curve, then it is considered an available line for the BR method. Moreover, the standard line is an available line.
Here, 'close' in the last step is defined by a deviation between the two values of below 10%.
After the comparison, several spectral lines should be selected as the available lines for the BR method. The available lines with related R 1 /R 2 s that fit the spectral response curve from the halogen lamp should have no or little self-absorption. If self-absorption exists, then the intensities I 1 and I 2 should be self-absorbed by atoms with different energy levels, which are different lower levels of I 1 and I 2 . The numbers of atoms with different energy levels are different. Thus the two lines should be self-absorbed by different ratios, thereby causing the R 1 /R 2 to deviate from the spectral response curve from the halogen lamp. If the available lines are sufficient, then the laser-induced plasma can be used as a source to calibrate the LIBS detection system.
Parameter optimization
BR calibration using spectral lines is influenced by many factors of the LIBS setup. However, we do not change the structure of the setup or replace the detector with a better unit, because we are attempting to find a common manner of applying the BR method to LIBS setups. Therefore, we instead change only the settings, such as the laser pulse energy and the delay time.
For the laser pulse energy, as the energy increases, additional available lines become strong enough to be detected. However, some lines available under low energy may be seriously self-absorbed under high energy and become unavailable. These results are observed in our experiment. We test the energy at 62.5-37.5 mJ, but the number of available lines remained nearly the same. Thus, the value 50 mJ is considered.
For the delay time, plasma evolution should be considered. In the beginning of the laser-induced plasma, strong bremsstrahlung background and self-absorption affect the measurement of the spectral line intensity. As the plasma develops, the bremsstrahlung and self-absorption decrease, but the useful spectral line intensity also decreases. Therefore, the delay time should be tested.
Results
Relative spectral response calibration using tungsten halogen lamp
By the simultaneous relative spectral response calibration of the three spectrometers, their spectral response efficiencies can be compared. The normalized efficiency curve from the range of 250-498 nm is shown in figure 2 . Only one of the overlapping spectra between spectrometers is reserved. Thus, the efficiencies of the three spectrometers are separated by gaps of approximately 308 and 411 nm. The 308 nm gap is too small to be depicted in the figure. The relative spectral response efficiency in figure 2 is used as a standard for comparison.
Ti spectra by LIBS
The LIBS setup is operated under 50 mJ laser pulse energy and 1 μs delay time. The delay time is the interval between the moment when the laser pulse reaches the surface of the sample and the beginning of the detector integration time. Every time a laser shot induces the Ti plasma, the spectrometers detect the Ti spectra. The line intensity I for the calculation in equation (1) should be the integral signal ò l l ( ) I d , but the peak height of the line can be considered proportional to the peak intensity when the spectral bandpass is approximately greater than the physical width of the line being measured [20] . The instrument broadening 0.09 nm is considerably greater than the physical width of the line and the stark broadening; thus, the peak height of the line is taken as I in equation (1). The spectral peak fitting, spectral line identification, and peak height calculation are all automatically done by the software we wrote, and an example is shown in figure 3 . For the reproducibility study of the spectra, the Ti spectra are measured 20 times by 20 laser shots, and 46 Ti I lines and 167 Ti II lines are measured. Note. Atomic parameters are from NIST Atomic Spectra Database ʻhttps://nist.gov/pml/atomic-spectra-database'. Using the measured Ti I and Ti II lines, certain values of R 1 /R 2 s are obtained by equation (1) . These values are compared with the relative spectral response curve in figure 2 , and the lines available for the BR method are selected as shown in figure 4 and table 1. In figure 4 , symbols of the same color and shape refer to spectral lines of the same upper level, and the exact spectral efficiency values of these symbols are listed in table 1. Merely 31 spectral lines out of the 10 groups of Ti I and Ti II lines detected are available, and this proportion is small. Therefore, many spectral lines do not meet the assumptions listed in the Introduction. However, the available lines still cover most of the spectral range, which means that the Ti I and Ti II lines from the laser-induced plasma are applicable to the BR method in the LIBS setup. In table 1, the height of the spectral lines is the average of 20 determinations, and their relative standard deviations (RSD) are listed. The unit for the height is by the software of the spectrometer, which has a saturation value of 65 535. The values of RSD are related to the spectral line heights. In general, high spectral lines obtain low RSD. Thus, the experimental settings should be tested to improve the BR method by obtaining strong available lines.
Available lines under different delay times
The results obtained by the comparison method at 0.5 μs delay time are shown in figure 5 and table 2 (These results are also from 20 measurements.). In figure 5 , symbols of the same color and shape refer to spectral lines of the same upper level, and the exact spectral efficiency values of these symbols are listed in table 2. A comparison of these values with those obtained at 1 μs delay time shows that slightly more lines are available at 0.5 μs than at 1 μs, which is 38 lines in 13 groups. Therefore, 0.5 μs is a better delay time parameter than 1 μs.
Conclusion
This study uses an LIBS setup with a pure Ti plate target to detect Ti I and Ti II lines in the range of 250-498 nm for the relative spectral response calibration of the setup through the BR method. Certain lines are selected as available lines for the method. The available lines for the BR method from the laser-induced plasma vary according to the laser parameters. So with a specially chosen target, the laser-induced plasma, which emits spectral lines under certain parameters, can be used in an LIBS setup as a light source for relative spectral response calibration by the BR method. This case is the same as that of the hollow cathode discharge source, whose parameters are specially designed to offer more BRs. The difference is that maybe a smaller proportion of the spectral lines from the laser induced plasma are available for the BR method. This method does not need complex alignment and periodical recalibration. Moreover, calibration of the entire LIBS detection system for the wavelength range from UV to near-infrared can be accomplished with the BR method.
